This paper investigates the compressibility characteristics of compacted clay treated with cement, peat ash and silica sand. For this purpose, one dimensional consolidation tests were conducted to determine the soil consolidation properties. The test specimens were trimmed from the compaction test specimen. The 1D consolidation test specimen was subjected to the normal pressures of 2. 5, 5, 10, 20, 40, 80 and 160 
INTRODUCTION
Infrastructural development is a major challenge for many developing countries, most of which are located around the tropics. With regard to such developments, coastal regions are the major areas receiving impetus, since ports and highways are located on it. The coastal areas consist of soft clay, peat and organic soil. Generally, the soft clay deposited in the Southeast Asian countries such as Malaysia has ranged from very shallow to a depth of about 40 m (Taha et al. 2000) . Organic soils have been widely interpreted as product of tropical weathering and are widespread around the tropics (Eberemu 2015) . According to Bujang et al. (2011) , the organic clay such as peat have a high content of organic matter. Peat is an acidic soil with a pH value below than 7. It has three different types, namely fibric, hemic and sapric. Utilization of waste materials such as peat has been the focus of research lately in the field of geotechnical engineering for economic, environmental and technical reasons (Mousavi & Wong 2015; Wong et al. 2013) . Besides, soft clay is problematic due to its poor mechanical behavior; particularly in some cases the soil properties in the immediate vicinity of the construction work such as road embankment may not meet the required specifications. Such soils need to be improved so as to meet the geotechnical requirements of the correspondent engineering application (Eberemu 2015) . Previous studies have proven that it is viable to use waste materials as partial cement replacement materials to stabilize soft soils (Baghdadi 1990; Collins & Emery 1983; Purwana & Nikraz 2013; Wong et al. 2013; Yilmaz & Ozaydin 2013) . According to Isaia et al. (2003) and Wong et al. (2013) , pozzolanic materials have many advantages such as CO 2 emission reduction when they used as replacement materials for Portland cement. In essence, utilization of peat ash as a partially substitute material for cement in stabilized soil provides a solution for CO 2 emission reduction, which in turn can reduce energy consumption of cement production and global warming as well. Abou-Taleb et al. (1995) have stipulated that cement industry generates dust during its production and cement dust causes damage to health and the environment. Velosa and Cachim (2009) have estimated that 5% of CO 2 emissions is related to cement industries. Rehan and Nehdi (2005) have reported that from the de-carbonation of limestone and burning of fossil fuels about 1 tonne of CO 2 is emitted from each tonne of cement. Therefore, it is important to utilize waste materials to minimize the amount of cement and save the amount of input cement. The research to find alternative raw materials and to reduce energy consumption and protect the environment in cement production is of global concern (Yilmaz & Ozaydin 2013) . With respect to this, peat ash was obtained from fresh peat after burning in a muffle furnace (ASTM D2974-14) . It is the aimed of this study to utilize peat ash as a supplementary material for cement in the production of sustainable soil due to economic and environmental reasons. The material characterization of peat ash in term of chemical composition was explored. Basically, consolidation is regarded as the response of fine grained soil to impose load. The consolidation theory presented by Terzaghi (1943) and Terzaghi and Peck (1967) plays a key role in geotechnical industries, particularly in slope stability analyzing and laboratory testing (Taha et al. 2000) . According to Schiffman et al. (1984) , consolidation concept is fundamental to the practice of geotechnical engineering where the interaction of soil and water dominates. The primary objective of this research work was to investigate the ability of cement and peat ash to reduce the compression settlement of stabilized soil so that a suitable stabilized soil as a shallow foundation for road embankment can be achieved.
EXPERIMENTAL DESIGN MATERIALS USED
Soil The soil sample is soft clay collected from Taman Wetlands, in the area of Putrajaya of the state of Selangor in Malaysia at about 1.5 m depth. Initial observation on the soil showed that the soil is soft and sticky. For the soil classification purpose, the natural soil sample was oven dried at a temperature of 105°C. The soil was characterized by performing basic tests required for the soil classification. The basic properties of the natural soil sample are: natural moisture content = 45%; liquid limit = 56%; plastic limit = 24%; plasticity index = 32%; liquidity index = 66%; pH = 7.1; specific gravity = 2.46 and USCS classification = CLAY of high plasticity (CH). Based on the results of sieve analysis, the soil sample is composed of 62% clay, 23% sand and 15% silt (Mousavi & Wong 2015) .
Cement
The type of cement for the study is ordinary Portland cement (OPC), equivalent to ASTM type I, of YTL Company.
Peat ash The sampled peat from Klang, Selangor, Malaysia is first oven dried at 105°C for 24 h. Then the oven dried peat was burnt in a muffle furnace at a temperature of 440°C for 4 h(ASTM D2974-14). Due to Loss on Ignition (LoI), the peat ash was produced after burning in the muffle furnace (Mousavi & Wong 2015) .
Silica sand Locally available silica sand was used for the research work. For the purpose of modifying grain size distribution of the soil sample, silica sand was used as a grading modifier. The chemical composition of the materials by the percentage of the total chemical composition's weight from X-ray Fluorescence (XRF) tests are also indicated in Table  1 , according to which, in peat ash the sum of silica (SiO 2 ) and alumina (AL 2 O 3 ) is 72.6793% of the total chemical composition. This is attributed to the pozzolanic properties of the peat ash as justified by Wong et al. (2013) .
TESTING PROGRAM
The aim of 1D consolidation test is to evaluate the compressibility characteristics of the untreated and stabilized soil specimens. The test is based on the standard ASTM D2435. According to ASTM D2435, in saturated cohesive soils, the effect of loading is to squeeze out pore water; this process is called consolidation. Oedometer (1D consolidation) tests were conducted to determine the soil consolidation properties. The untreated soil specimen was trimmed from the compaction test specimen with brass cutter ring with a diameter of 50 mm and a height of 20 mm. To reduce the side friction between the brass ring and soil specimen, the inner surface of the ring was slightly lubricated. Filter papers and porous stones were positioned at the top and bottom faces of the soil specimen (Mousavi & Wong 2015) . The oedometer cell was positioned in the loading frame and normal pressures of 2.5, 5, 10, 20, 40, 80 and 160 kPa were applied in sequence on the test specimen which was saturated with distilled water. Evaporation of water from the consolidation cell was minimized by placing fitting metal jackets on top of the cell. The test specimens were allowed to cure overnight for possible reactions among the soil sample, cement and peat ash. The consolidation test was carried out at a room temperature of 26±2°C. Conventional consolidation test according to the ASTM standard was carried out after equilibrium had been attained as indicated by the nearly constant readings on the vertical dial gauge. The load increment applied was twice larger than the previous load. The duration of each load was 24 h (Horpibulsuk et al. 2011) .
SPECIMEN PREPARATION
For the purpose of soil stabilization, three test specimens with the binder compositions of: 18% cement, 2% peat ash; 13.5% cement, 6.5% peat ash; and 9% cement, 11% peat ash were tested under standard Proctor compaction tests. For each test specimen, 5% silica sand was also added as grain size modifier. The test specimen with the highest maximum dry density (18% cement, 2% peat ash and 5% silica sand) was chosen as an ideal mix design. The compacted soil specimen with the ideal mix design was trimmed to required size for the purpose of 1D consolidation tests. After each compression test, final moisture content and final void ratio of the test specimen were determined. Each vertical load was held constant for 24 h before addition of the next loading increment. At the end of the loading period of 80 kPa, the vertical load was removed and the specimen was allowed to expand for 24 h for the purpose of evaluation its swelling behavior (ASTM D2435). The coefficient of permeability, compressibility index, coefficient of volume compressibility and coefficient of consolidation for each load increment were determined. The compression can be divided into elastic compression, primary consolidation and secondary compression. For each compression graph, the time to reach 90% consolidation was determined by root of time method. For the purpose of the reproducibility of the laboratory test results, 1D consolidation tests were repeated on 4 out of the 24 specimens randomly. The differences between the 2 tests were within below 10%. The physical properties of the untreated and stabilized soil specimens under 1D consolidation test are tabulated in Table 2 . It is worth noting that determination of the final water content of the soil specimen was necessary for the calculation of its final and initial void ratios. Effect of stabilization with cement and peat ash on liquid limit of the soil specimens is illustrated in Figure 2 .
RESULTS AND DISCUSSION
The relationships between consolidation settlement and elapsed time of untreated soil specimens under various normal stresses are illustrated in Figure 3 . The root time method was employed to calculate the time to reach 90% consolidation of the soil specimen. It is observable from the graphs that compression settlement increased with increasing consolidation pressure. All the graphs in Figure 3 depict that the soil specimen was subjected to compression as a result of a loading application. The volume of the soil specimen reduced consistently with each addition of consolidation stress. Based on the method of evaluation, it is evident from Figure 3 that the soil compressibility was predominated by primary consolidation. It is important to note that primary consolidation was largely due to the dissipation of excess pore water pressure from the soil. Basically, settlement occurred due to time passage, applied vertical load and pore water dissipating out from the soil specimen. According to Maio et al. (2004) , it occurs due to expulsion of pore water pressure from the voids of a saturated soil. The deformation is due to squeezing of water from the pores leading to rearrangement of soil particles. The movement of pore water depends on the permeability and dissipation of pore water pressure. It is important to stress that beside the consolidation phenomenon, the test specimen was subjected to hydration process due to the cementation of the soil particles. This resulted in a reduction of settlement in the stabilized soil when compared to that of untreated soil. It can also be observed from Figure 3 that settlement of the test specimen increased with consolidation time. This contributed to the reduction in the volume of the test specimen.
Based on the data that obtained from 1D consolidation tests, the graphs of void ratio versus normal stress for the ideal mix design and untreated soil specimen were plotted in Figure 4 . The values of void ratio were recorded before the application of the next pressure increment. The data collected from the tests enabled changes in void ratio to be corresponded to changes in effective normal stress. It is clearly seen in Figure 4 that the void ratio of the soil specimen decreased with increasing normal stress. It is due to the dissipation of pore water from the voids of the soil specimens with elapsed time that reduced the voids. Besides, stabilization of the soil with cement and peat ash contributed to the strong interparticle bonding due to cementation products and binding effect of cement.
The relationship between void ratio and vertical effective stress of the soil sample on a semi logarithmic scale from 1D consolidation tests is shown in Figure 5 . As noticed in Figure 5 , the void ratio of the soil specimen declined with increasing effective normal stress. This is largely attributed to the soil consolidation settlement of which volume change was significant as a result of the expulsion of excess pore water pressure from the soil. Since the compression path (from points A to B) moves along the normal compression line (NCL), the soil is considered as normally consolidated clay. Besides, the value of pre-consolidation stress (σ' pc ) or maximum past pressure was estimated using Casagrande empirical graphical method through analysis on the e/log σ' curve. From the soil mechanic books, pre-consolidation stress is defined as the highest historical stress experienced by the soil. It can be due to natural depositional loading or during site condition. As shown in Figure 5 , point M is located at the point of maximum curvature. By applying Casagrande method of graphical interpretation, the pre-consolidation pressure was determined to be 45 kPa for both untreated and stabilized clay specimens.
According to ASTM D2435, the coefficient of volume compressibility (m v ) represents the amount of change in unit volume due to a unit increase in effective stress. Normally, the volume change behavior of clay soil is FIGURE 2. Liquid limit of the test specimens after 24 h FIGURE 3. Settlement-time relationships under various normal stresses due to the effect of complex interactions between the soil particles and pore fluid. Mineral types, binder types, liquid composition of pores, void ratio and normal stress level can be affected by the type of interactions (Maio et al. 2004 ). Based on the values of the coefficient of volume change, the m v /σ' curve was plotted as shown in Figure  6 . The curve was plotted with the values of coefficient of volume compressibility (m v ) located at the end point of each stress stage. In summary, increased normal pressure, no produced uniform changes in the coefficient of volume compressibility of the soil specimens so that with small normal stresses, an alternate decreasing-increasing trend was observed in the coefficient of volume compressibility, which continued up to 40 kPa vertical stress. However, from 80 kPa effective normal stress, an increasing trend was observed in the coefficient of volume compressibility of the soil specimens. Based on Figure 6 , the average value of coefficient of volume change of untreated and stabilized soil was found to be 0.55 and 0.43 m 2 /MN, respectively.
The variations of the void ratio as a function of the change of effective stress are plotted in the logarithmic scale as shown in Figure 7 . Through such graphical plot, the value of compressibility index and swelling index of the soil over a normal stress range can be determined. Based on Figure 7 , the compression and recompression due to loading and unloading process in 1D consolidation tests are indicated. It can be observed from both figures that the volume of the soil specimen gradually reduced due to the loading process as the effect of loading on the soil specimen is to squeeze out pore water. The result of unloading from the soil specimen is swelling. After unloading from point M, it followed the swelling line until it reached to point N. From e/log σ' n curve, the swelling index (C s ) can be determined. The swelling behavior of the soft clay must be characterized in order to gage the risk of unloading of the soil at the site. Reloading would cause recompression as shown on the graph of Figure 7 . The compressibility index is the slope of the NCL and the average slope of the swelling/ recompression curve (SRL) is referred to as the swelling index. Based on the e/log σ' curve, the compressibility index (C c ) of the untreated and stabilized soil specimens was found to be 0.170 and 0.103, respectively. Besides, the average value of the recompression index of the untreated and stabilized soil specimens was discovered to be 0.036 and 0.027, respectively. According to Terzaghi and Peck (1967) , the compressibility index (C c ) of the normally consolidated clay can be calculated using the empirical (1) as follows.
C c = 0.009 .
(1)
Besides, Huat et al. (1995) have presented an empirical expression (2) for the soft clay located in Selangor, Malaysia.
With regard to (1) and (2) the compressibility index of the untreated and stabilized soil specimens was calculated as shown in Table 3 . By inspecting the information of Table  3 , it can be pointed that the reliability of (1) is more satisfied when compared to (2). In contrast, the compression index obtained by Horpibulsuk et al. (2011) for high plasticity Bangkok clay (CH) is 0.4. Such value of compression index is very close to that of determined by (1). In addition, Nishida (1956) has presented an empirical expression to determine the approximate value of the C c for clay soil (3).
By employing (3), the compression index of the untreated and stabilized soil was determined to be 0.414 and 0.299, respectively.
The axial strain-log σ' n relationships of the untreated and stabilized soil are established in Figure 8 . From Figure  8 , it can be seen the slight convex curves that demonstrate strain of the test specimens under application of various normal stresses. As shown on the graphs of Figure 8 , the convex curves follow upon reaching the virgin line. Based on Figure 8 , stabilization of the soil with cement and peat ash reduced the vertical displacement due to formation of cementation products that function as a binder and clog the soil particles. Indeed, peat ash played a key role at inducing secondary pozzolanic activity of the stabilized soil specimen. Since, pozzolanic materials in the form of peat ash are capable to react with calcium hydroxide released from cement hydrolysis to produce secondary cementation products (Wong et al. 2013) .
The results of 1D consolidation tests (i.e. compression and recompression) of the untreated and stabilized soil specimens are summarized in Tables 4 and 5 . The elastic parameters derived from 1D dimensional compression tests can contribute to analyse the settlement of road embankments. To perform the recompression tests, each vertical load was held constant for 24 h before the application of the next loading increment. At the end of the loading period for 80 kPa, the vertical load was removed and the specimen allowed swelling for 24 h. The amount of consolidation settlement was estimated from the soil e/σ' curve. From the results of 1D consolidation tests, the average values of void ratio were obtained as presented in Table 4 . By analyzing the results, the vertical strain of the stabilized soil reduced by almost 33% when compared to that of untreated. Besides, the average value of void ratio of the stabilized soil improved about 16%. It can be observed from Table 5 that a 1.14 mm compression settlement of the untreated soil reached by the clay under a consolidation stress of 160 kPa. Likewise, a 0.86 mm compression settlement of the stabilized soil happened under a consolidation stress of 160 kPa. The 1D consolidation test parameters and coefficients are tabulated in Table 6 . The average value of C v was obtained by applying Casagrande method. Generally, the coefficients of consolidation and volume change are the main parameters in virgin compression. To evaluate consolidation settlement the coefficient of permeability of the soil specimen must be taken into consideration. It has to be noted that the rate at which consolidation occurs mainly depends on the permeability of the soil and the length of drainage path. Results of coefficient of permeability of the untreated and stabilized clay measured by laboratory 1D consolidation tests are tabulated in Table 6 . From the data of Table 6 , the average value of k v of the untreated clay was determined to be 0.84 × 10 -10 m s -1 . After analyzing Table  6 , the average value of coefficient of permeability of the stabilized clay was found to be 0.54 × 10 -10 ms -1 . Thus, the addition of 18% cement, 2% peat ash and 5% silica sand reduced the coefficient of permeability of the stabilized soil by almost 36% when compared to that of untreated. This is due to the fineness of peat ash that enabled the clay to bring filler and pozzolanic effect on cemented soil, so that the pore spaces of the soil was refined, thus improving the soil properties. This resulted in a denser state of the soil under consolidation. The similar pattern and behavior of clay soil can be found in the study of Taha et al. (2000) . According to Taha et al. (2000) , marine clay and river clay were tested under 1D consolidation tests. The compression index of marine clay obtained by Taha et al. (2000) is very close to that of investigated in current research. 
CONCLUSION
Laboratory 1D consolidation tests were conducted to evaluate compressibility of the Wetlands clay due to stabilization with cement, peat ash and silica sand. The results of 1D consolidation tests were analyzed on the basis of compression settlement of the soil specimens. From the results of this paper the following conclusions are drawn. Based on the results it is concluded that Wetlands clay is normally consolidated. Peat ash affects the soil properties by improving the matrix of the stabilized soil. This phenomenon occurred because the cementation products fill up the soil pore spaces, thus creating a binding effect on the soil particles. The compaction coupled with stabilization so that the pore spaces of the soil were refined, thus improving the soil properties. This resulted in a denser state of the stabilized soil after compaction. It can be concluded that consolidation settlement of the stabilized soil specimen corresponding to 160 kPa effective vertical stress improved by almost 33% when compared with that untreated. It is evident that soil stabilization improved the coefficient of permeability of the soil by almost 56%. 
